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SUMMARY 
Selected electrical properties were investigated in polycrys-
talline Al^_ Cr 0 thin films r.f. sputtered from solid solution targets 
consisting of 0, 4.1, 7.8, 11.8, 14,6 and 19.0 mole percent Cr 0 . The 
films were deposited in a temperature range of 350-450 C and shown to 
possess both long-range and short-range order with crystal structures 
similar to cubic y-kl 0 by electron diffraction studies. Relative 
chromium contents in the films were proportional to the chromium con-
tents of the targets but absolute chromium contents were not determined. 
14 
Average resistivities (=5 x 10 ohm-cm) and dielectric strengths 
(s 6 X 10 volts/cm) of films 1200-2600 A thick were found to vary ap-
proximately one order of magnitude for the composition range studied. 
Current-voltage relationships in the films indicated that two types of 
conduction mechanism existed in the Al„_ Cr 0 films. At high applied 
electric fields, all compositions studied exhibited conduction that 
varied exponentially with the square root of the applied electric field. 
At lower applied electric fields, conduction exhibiting ohraic character-
istics existed in the 4.1 and 19.0 mole percent Cr„0^ films. 
CHAPTER I 
INTRODUCTION 
In recent years, advances in thin film technology have made pos-
sible great strides in the solid state electronics field. Due to better 
methods of dielectric thin film deposition, such as r.f. (radio frequen-
cy) sputtering, integrated microcircuits have greatly improved. Thin 
insulating films are utilized in integrated and hybrid microcircuits as 
capacitor dielectrics, diffusion masks, gate insulators for metal-
insulator semiconductor field effect devices, for surface passivation, 
and as insulators between layers of conductive films used for inter-
connections. Quite naturally, electrical properties and characteristics 
of thin insulating films used in such devices are quite important. 
The purpose of this investigation was to study selected elec-
trical properties—resistivity, dielectric strength, current-voltage 
relationships—of r.f. sputtered Al Cr 0 thin insulating films. In-
creasing mole percent additions of Cr^O to Al-0 should lower the re-
sistivity of the thin films. Dielectric strengths of the Al_ Cr 0_ 
2-x X 3 
thin films were measured to determine what voltages could be applied 
without destroying the insulating film. Current-voltage relationships 
were also investigated to study possible conduction mechanisms in the 
films. 
CHAPTER II 
A SURVEY OF THE LITERATURE 
A review of the literature on radio frequency (r.f.) sputtering 
as a method of thin film preparation is presented in this Chapter. In-
cluded is the theory of r.f. sputtering, parameters affecting the r.f. 
sputtering of thin films, properties of r.f. sputtered thin films, and 
the advantages and disadvantages of r.f. sputtering over other types of 
thin film preparation methods. Various conduction mechanisms in thin 
insulating films are also discussed. This Chapter ends with a presen-




Bombarding the surface of a material with molecules, atoms or 
ions can cause many interesting phenomena to occur. If the kinetic 
energy of these bombarding particles exceeds the binding energy of the 
atoms (the binding energy is related to the heat of sublimation of a 
material) in the bombarded material, the atoms of the lattice will be 
pushed into new positions, resulting in both surface migration of atoms 
and surface damage. If these bombarding particles exhibit kinetic en-
ergies approaching four times the heat of sublimation of the bombarded 
material, atoms on the surface of the bombarded material will be ejec-
ted into the surrounding gas phase. The ejection of atoms from the 
surface of a material through the bombarding of particles is known as 
physical sputtering. Since high-energy ion beams can readily be pro-
duced and accelerated to the required kinetic energies by electric 
fields, ions are uscid instead of atoms or molecules as the bombarding 
particles. 
When the bombarding ions strike the surface to be sputtered, 
the energy of the ions is transferred to the bombarded surface in the 
area of impact. Thus, the basic mechanism of the ejection of the sur-
2 
face material is momentum transfer, with other complex second-order 
phenomena. Those ions that penetrate the surface of the target give 
up their energy by vibrating the lattice and these same ions will not 
participate in the removal of material unless the sputtered material 
is volatile, causing sublimation. Ions that do not penetrate the sur-
face uniformly strip a layer of material from the bombarded surface, 
without a change in chemical composition. 
The most common way to sputter a material is to let the material 
being sputtered serve as the cathode in a low pressure dc glow dis-
3 
charge. Since almost the entire glow discharge is dropped across the 
ion sheath that surrounds the cathode (Crookes dark space), the cathode 
will be under steady bombardment by high-energy ions and consequently, 
it will be sputtered. This ion sheath is formed because the target po-
tential is negative with respect to the plasma, and electrons are 
forced away from the surface. This technique is applicable only to 
conductors. 
When insulators, such as many of the metal oxides, are used, the 
accelerating potential cannot be directly applied to the insulator, and 
the positive charge which accumulates on the surface during ion bom-
bardment cannot be neutralized. Thus, a dc glow discharge cannot be 
started. This can be overcome by applying a high frequency potential, 
such as radio frequency, to a metal electrode behind the insulator. 
By capacitive coupling through the insulator, an r.f. voltage is in-
4 
duced on the front surface of the insulator. The insulator will then 
3 
be alternately ion bombarded and electron bombarded, with the positive 
charge that accumulates on the surface during the negative or sputter 
portion of each cycle being neutralized by electrons during the positive 
part of each cycle. A schematic of the set-up is shown in Figure 1. 
Since electron mobility is several orders of magnitude greater 
3 
than that of positive ion mobility, more electrons are attracted to 
the insulator during the positive half of the cycle than are ions dur-
ing the negative half of the cycle. Thus, the insulator surface will 
self-bias negatively with respect to the plasma; if this was not the 
case, an excessive electron current would flow to the insulator during 
each cycle. Since the insulator potential is negative with respect to 
the plasma, electrons are repelled by the insulator surface, and an ion 
2 
sheath forms that is visible as a dark space near the insulator surface. 
The frequency of the applied voltage must be at least 10 Hz to 
prevent excessive positive charge accumulation at the insulator sur-
2 
face. If the frequency is too low, enough ions reach the insulator 
surface during the negative half of the cycle to neutralize the nega-
tive surface charge and no dc potential will build up. The lowest fre-
3 3 
quency at which ion sheath formation occurs is of the order 10 Hz. 
R.F. Power Supply 
Metal Backing E l ^ t r o d e 
D i e l e c t r i c Target ifST 
R.F. Plasma Sheath 
/ / / / / / / 
Low Pressure Gas Discharg 
Work Table Substrate 
Figure 1. Setup During R.F. Sputtering of a Dielectric. 
(After Jackson.^) 
Higher frequencies result In fewer ions reaching the insulator surface, 
thereby increasing the negative bias which creates an increased poten-
tial across the dark space and increases sputtering rates. 
Parameters Affecting Sputtering Process 
The part of the sputtering process which is usually affected by 
changing conditions is the deposition rate of the thin film. Other 
portions of the sputtering process which can be affected include the 
glow discharge and properties of the deposited films such as composi-
tion and uniformity in thickness. 
The discharge gas most commonly used for sputtering is argon 
because of its availability in high purity form, its high atomic weight 
and its inertness. Gases such as oxygen require a great deal of energy 
2 
to sustain a glow discharge, thereby reducing the energy available to 
the positive ions used in the sputtering process. Consequently, depo-
sition rates in pure oxygen are about half those in argon. Davidse and 
3 
Maissel found that the sputtering rate falls off sharply with the ad-
dition of small percentages of 0„ gas to the sputtering gas argon when 
r.f. sputtering dielectric materials. At higher concentrations of 0 
gas, the rate did not vary much until the 0^ gas percent exceeded 50 
percent, where the glow discharge became unstable. Maissel and Glang 
state that gaseous impurities in argon can cause a reduction in the 
deposition rate, 
2 
Vossen and O'Neill found the deposition rate to be unaffected 
-3 -3 
in the pressure range between 2 x 10 and 15 x 10 torr. Above 15 x 
-3 
10 torr, the deposition rate decreased rapidly with increasing pres-
sure. 
The use of an auxiliary magnetic field has a number of effects 
on the sputtering process. Such a field will not only result In a more 
3 
well defined glow discharge, but it will also increase the deposition 
rate. In addition, the glow discharge can be maintained at lower pres-
2 
sures and the turbulence added to the discharge improves the unifor-
mity of film thickness over large substrate areas. 
In studying the size and shape of the electrode, Davidse and 
3 
Maissel found that more power was needed for a square electrode than 
for a circular electrode to obtain the same deposition rate at constant 
pressure due to loss of power at the corners of the square electrode. 
Increasing the electrode diameter from 12.5 to 19 cm resulted in lower-
ing the r.f. potential needed to produce a given deposition rate. 
In general, sputtering rates will decrease with an increase in 
target thickness, the best target thickness being 0.3 to 0.7 cm. The 
2 
target-substrate separation distance is also fairly critical. Separa-
tion cannot be less than or equal to the ion sheath thickness if the 
glow discharge is to be initiated and maintained. A reasonable separa-
tion is 2.5 to 3.0 cm. The substrate temperature will also control the 
3 
deposition rate; the deposition rate for a cooled substrate is twice 
as fast as that for a substrate at 500 C. A uniform substrate tempera-
ture is imperative for uniform film thickness. 
Changes in the r.f. voltage, current, or power will also affect 
2 
the sputtering process. An increase in any of the three will increase 
the deposition rate. 
Properties of R.F. Sputtered Films 
In sputtering, momentum transfer from the fast-moving positive 
ions attracted from the discharge toward the target (insulator) surface 
causes disintegration of the target surface by rupturing surface bonds. 
The material transferred from the target to the vapor state has the 
same composition after reaching equilibrium conditions. But, most of 
the molecules are probably dissociated in the sputtering process and 
thus the material arriving at the substrate is in predominantly atomic 
form. It has not been determined whether low-energy noble-gas ion 
bombardment, the high kinetic energies of the sputtered atoms, or other 
phenomena provide the activation energies needed to reassemble the atoms 
back into the proper molecules. In general, the composition of the 
film is almost identical to that of the sputtered material. 
During sputtering of such compounds as oxides, the energy in-
volved in the collisions between the ions and ejected target material 
may be enough to exceed the chemical bonding energy. Thus, oxygen could 
preferentially leave the target, resulting in an oxygen deficient tar-
get. Wehner et al., in studying Hg-ion bombarded oxide powders, found 
CuO to be reduced to Cu^O and then to Cu and Fe„0 to be reduced to 
Fe 0, to FeO and finally to Fe. Oxygen deficiencies in sputtered 
c 
Corning 1715 glass were found by Pliskin in his study of thin film in-
sulators. 
2 
Vossen and O'Neill offered two possible mechanisms for the non-
stoichiometric behavior of the thin film: (1) the argon discharge can 
chemically reduce cyrstalline oxides of low chemical bond strength, and 
(2) sublimation may occur from the target or substrate when one of the 
constituents is highly volatile. They group insulators into three 
groups—simple crystalline oxides such as SiO„ or A1»0-; multicomponent 
solids such as BaTiO or 2CdO • Nb^O_; and noncrystalline solids. Crys-
talline oxides were listed according to their ease of reduction by 
using their heat of dissociation of the oxygen atom as the determining 
factor (see Table 1). At discharge voltages of 3600 volts, molecules 
with dissociation energies less than or equal to that of ZrO^ (129.2 
kcal/mole) were found to reduce partially, whereas any oxide having a 
dissociation energy higher than that of SrO (141.2 kcal/mole) did not 
reduce. Multicomponent crystalline materials also exhibited problems 
with stoichiometry due to one or more volatile constituents. In study-
ing Cd Nb-0_, a decrease in the Cd content was noted with increased 
X 2 5+x 
target usage. If an oxide is likely to reduce, one method to overcome 
this problem is to sputter with an argon-oxygen mixture to replenish 
the oxygen. 
3 
Davidse and I-laissel cite uneven temperature distribution in the 
target material as another possible cause for the variation in chemical 
composition of a sputtered film. If the target is not uniform in com-
position and properties, then the temperature will be higher in some 
regions than in others. This can lead to hot spots in the target at 
high power densities, resulting in nonuniform sputtering rates and some-
times in a variation in chemical composition across the film. 
The r.f. sputtered films are generally uniform in thickness and 
2 
composition. The structure of the film depends primarily on the 
10 
Table 1. Dissociation Energy per Oxygen Atom for Selected Oxides 
(After Vossen and O'Neill^) 
Heat of Dissociation 











Al 0 195.9 
11 
deposition rate and substrate temperature. Dielectric films deposited 
at rates below 200 A/min usually exhibit a noncrystalline or amorphous 
structure. In addition, the films do not have theoretical density. 
Heating either during or after deposition can crystallize the film, 
but heating the substrate during deposition reduces the deposition 
rate. Dielectric properties of the films deposited at high rates will 
approach the bulk properties of the composition upon heating. 
Toughness and good adhesion are other properties of r.f. sput-
7 
tered films. Davidse attributes the good adhesion to the relatively 
high energies of the sputtered species and the continuous cleaning of 
2 
the surface by the glow discharge. Vossen and 0 Neill state that good 
adhesion results from the high arrival energy of the sputtered material 
at the substrate and the chemical bonding that can exist at the film-
o 
substrate interface. MacDonald and Haneman have shown that many sput-
tered atoms have sufficient energy to penetrate one to two atomic layers 
into the surface on which they land, thus leading to a film with good 
adhesion to the substrate. 
Advantages and Disadvantages of R.F. Sputtering 
Advantages of r.f. sputtering over other methods of film deposi-
1 2 
tion include: ' 
1. R.f. sputtering is extremely versatile. In theory, any 
material can be deposited as a thin film by r.f. sputtering. 
2. Precise control of film thickness and deposition rate 
can be achieved. 
3. Uniformity of film thickness and stoichiometry over large 
substrate areas in many cases are excellent. 
12 
A. Deposited films usually have excellent mechanical pro-
perties such as adhesion. 
5. It is an atom-by-atom process resulting in nonporous 
films with surfaces closely reproducing the substrate surface. 
Disadvantages of r.f. sputtering include: 
1. Deposition rates are slow. 
2. The basic process mechanism is complex. 
Conduction Mechanisms through Thin Insulating Films 
Resistivity can be used as a measure of the ability of a material 
to pass an electric current. The higher the resistivity, the more dif-
ficult it is to pass an electric current through the material. The re-
sistivity, p, in ohm-centimeters, of a material can be calculated by 
^ 1 8 
the equation 
RA .,. 
P = ̂  (1) 
2 
where R is the resistance of the material in ohms, A is the area in cm 
and I is the length or thickness in cm. Insulators are materials which 
have very few mobile charge carriers available to pass an electric cur-
rent under an applied field and are characterized by resistivities 
12 12 
greater than 10 ohm-cm . On the other hand, conductors are materials 
which have large numbers of mobile charge carriers and thus lower re-
—fi 
sistivities, on the order of 10 ohm-cm. Semiconductors exhibit elec-
trical conductivities intermediate between insulators and conductors 
-3 9 
and possess resistivities in the range 10 to 10 ohm-cm. Thin film 
resistivities are of major importance in many electronic circuits. 
13 
A property important in thin films utilized for electronic cir-
cuits is breakdown voltage, from which the dielectric strength of the 
film can be calculated. Gerstenberg, assuming that the dielectric 
strength is independent of film thickness, states 
V = E d (2) 
D D ^ ^ 
where V is the breakdown voltage in volts, E is the dielectric break-
down strength in volts/cm and d is the dielectric thickness in cm. 
12 
Kingery states that in general, as sample thickness decreases, mea-
sured dielectric strength increases. Dielectric strength refers to the 
19 
material's ability to prevent the passage of current. Subjection of 
the thin film to an intense voltage gradient may result in a strain due 
to the field forces on the ions and electrons which exceeds the dielec-
tric strength and the dielectric film will begin to break down, allow-
ing the passage of current. In thin films, breakdown is more typically 
due to flaws rather than intrinsic behavior. Breakdown might originate 
at pinholes, voids and defects in the film caused by dust on the sub-
strate or by some local inhomogeneity. 
When working with thin films, applying a bias of only a few volts 
4 5 
will induce electric fields on the order of 10 or 10 volts/cm; thus, 
the study of conduction mechanisms in thin films is centered around 
high-field electrical properties of the thin films. Quite often, high-
field electrical properties cannot be adequately described by a single 
conduction process since various field-strength ranges might exhibit 
30 
different electrical behavior. Lamb lists five possible conduction 
14 
mechanisms through insulating thin films: 
1. Schottky emission and the Poole-Frenkel effect 
2. Tunneling and internal field emission 
3. Space-charge-limited flow 
4. Ionic conduction 
5. Impurity conduction. 
Schottky Emission and the Poole-Frenkel Effect 
Schottky emission is a mechanism of current transport in which 
high-field emission of thermally activated electrons from a metal into 
31 the conduction band of an insulator in contact with the metal occurs. 
Essentially, the applied field reduces the height of the metal-insula-
30 
tor interface barrier. One characteristic of Schottky emission is 
its temperature dependence. 
30 
The Poole-Frenkel effect is based on the same lowering of a 
barrier height by an applied electric field as the Schottky effect. In 
this case the barrier in question is that for thermal excitation of 
trapped electrons in the insulator into the conduction band of the in-
sulator. 
Tunneling and Internal Field Emission 
For insulating films of 50 A or less, quantum mechanics studies 
have shown that electrons can pass from one electrode to the other by 
tunneling and internal field emission processes that have been pos-
30 tulated to include: 
1. Electron transition from the valence to the conduction 
band - Zener breakdown. 
1.5 
2. Electron transition to the conduction band from localized 
impurity levels - field ionization. 
3. Electron tunneling from the cathode in a similar manner 
to field emission into a vacuum. 
4. Electron transition from the valence band to the anode. 
Space-Charge-Limited Flow 
The type of contact existing at the metal-insulator interface 
can be important in conduction processes in insulating thin films. 
Three types of contacts can exist: 
1. Ohmic contacts, where the electrode can readily supply \ 
electrons to the insulator as needed. 
[ 
2. Neutral contacts, where no reservoir of charge exists at | 
I 
the contact. 
3. Blocking contacts, where electrons can flow from the in- : 
i 
sulator into the metal to establish thermal equilibrium conditions, i 
I 
Electrodes must be connected to the insulator to facilitate the f 
1 
iniection of electrons into and their withdrawal from the bulk of the \ 
\ 
insulator. At moderate applied voltages, enough carriers will normally j 
I 
be available to enter the insulator from the negatively biased elec- i 
! 
trode to replenish the carriers leaving the bulk of the insulator at | 
the other electrode. The bulk properties of the insulator determine 
the current-voltage characteristics of the sample; this type of con-
duction process is referred to as bulk-limited. Higher electric fields 
or blocking contacts bring about emission-limited or contact-limited 
conduction. In this case, the current capable of being supplied by the 
16 
cathode (negatively biased electrode) to the insulator will be less 
than capable of being carried in the bulk of the insulator. Conditions 
existing at the cathode-insulator interface will primarily control the 
current-voltage characteristics of the sample. 
Insulators too thick to allow tunneling and which do not contain 
donors will not normally conduct a significant current. If ohmic con-
tact is made to the insulator, space-charge electrons can be injected 
into the conduction band of the insulator which are capable of carrying 
1 
currents. This process is termed space-charge-limited conduction. 
Charge unbalances can easily be produced by an applied voltage in in-
sulators since insulators normally have a low density of free carriers 
and hence, space-charge-limited conduction can have a pronounced effect 
on the electrical properties of insulators at room temperature and 
below. 
Through the use of ohmic contacts, large amounts of space charge 
can be injected into the insulator. A large portion of the injected 
space charge will condense in traps contained in the insulator; occu-
pancy of traps is a function of temperature and thus space-charge-
limited currents are temperature dependent. Increasing the applied 
voltage (injection level) will result in all traps eventually becoming 
filled and the current will rise to the trap-free value. Single car-
30 
rier injected currents are necessarily space-charge-limited. 
30 
Double injection, where space-charge-limited currents of both 
types of carriers (holes and electrons) will flow in the insulator, 
occurs if the cathode is ohmic for electron flow and the anode is ohmic 
17 
for hole flow. Electrons will be Injected from the cathode and holes 
from the anode. In this case, space-charge-limited conditions are at 
least partially overcome and for intermediate injection levels, charge 
neutrality can be assumed through the insulator. Space charge becomes 
important at high or low injection levels. Defect states, if present 
in the insulator, will have an influence on the current. Double in-
jected currents will be larger than those due to single-carrier injec-
tion under the same conditions of voltage bias. 
Current-voltage and current-temperature relationships for space-
charge-limited conduction is presented in Table 2. Also included are 
the same relationships for tunnel emission and Schottky emission (after 
31 
Emtage and Tantraporn ) . 
Ionic Conduction 
Ionic conduction is due to the drift of defects under the in-
30 
fluence of an applied electric field. The actual mechanism of drifts 
is jumps of ions or vacancies over a potential barrier from one defect 
site to the next. Ionic conduction can also be due to moisture and 
consequently, those films which absorb moisture will have their ionic 
conduction enhanced. 
Impurity Conduction 
In an impure insulator, an electron occupying an isolated donor 
level has a wave function localized about the impurity and an energy 
slightly below the conduction band minimum. There is a small but fi-
nite overlap of the wave function of an electron of one donor with 
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the electron moves between centers without activation into the conduc-
30 
tlon band. This is known as impurity conduction. 
The presence of both donor and acceptor centers is a necessary 
condition for impurity conduction. Movement of electrons from an occu-
pied donor to an unoccupied one is accomplished when acceptors remove 
a number of electrons from the donors. Impurity conduction is possible 
without acceptors only when a high concentration of impurities are 
present. For low impurity concentrations, electrons move by a hopping 
process from one center to another. 
Electrical Properties of Thin Film and Bulk Al^ Cr 0_ 
2-x X 3 
32 
Salama studied conduction mechanisms in r.f. sputtered A1„0 
films utilizing Al-Al.O -Si capacitive structures. Plotting current 
density versus the square root of the electric field resulted in two 
distinct regions. At high electric fields, the current varied expo-
nentially with the square root of the electric field. At low electric 
fields, the characteristic was ohmic. Using gold electrodes rather 
than aluminum electrodes yielded similar results. It was suggested 
that the current was bulk-controlled rather than electrode-controlled 
because the conduction characteristics were found to be independent of 
film thickness (400-600 A), the electrode material, and the polarity of 
the electrodes. The current density, J , was based on three contribu-
a 
33 
tions (after Mead ), all bulk controlled. 




J = C E exp(-q<^ /kT) exp q/kT (BE ) ' (4) 
dijL j^ ci 3. d. 
•̂ 32 = S \' «=^P<-VV <5) 
J . = C. E^ exp(-q<(.,/kT) (6) 
aJ J a J 
C , €„, C , E , ({) = constants, 
q = electronic charge, 
<j> = barrier height, 
cL 
E = applied field, 
k = Boltzman constant, 
_, . o 
T = temperature in K, 
3 = a/TTK e , 
a o 
K = relative dielectric constant, and 
a 
e = permittivity of free space. 
Current density J .. is due to field enhanced thermal excitation of 
trapped electrons into the conduction band (Poole-Frenkel effect) and 
occurs at high field gradients. Current density J „ is due to field 
ionization of trapped electrons, a tunneling process independent of 
temperature which occurs at high field gradients. Current density J _ 
ai 
is due to hopping of thermally excited electrons from one isolated 
state to another, occurring at low field gradients and resulting in 
ohmic characteristics. 
35 
Barbe and Herman studied current transport mechanisms in re-
actively sputtered Cr^O films deposited on silicon substrates and test 
21 
glass pieces. The deposited films were then coated with 10,000 A of 
aluminum to use as a top electrode, which was biased positive with re-
spect to the silicon substrate. The Cr^O_ films were approximately 
1000 A thick. Between 21 C and 300 C, the current transport was found 
to be bulk controlled. Charge transport occurred by thermally acti-
vated hopping of carriers between localized states at electric fields 
less than 10 volts/cm described by the equation 
( J ) ^ ^ - (V/d) expC-clj^/kT) (7) 
where 
(J), = direct current density, 
dc 
V = applied voltage, 
d = dielectric thickness, 
<()- = an activation energy, 
T = temperature, and 
k = Boltzman constant. 
5 
Above electric fields of 10 volts/cm, charge transport occurred due 
to electric field-assisted thermal ionization of donor-type centers 
(Poole-Frenkel effect). 
Many investigations have studied the electrical properties of 
Al-0 thin films. For A1-A1„0^-A1 capacitor devices, with the A1„0 
26 
film being r.f. sputtered, Pratt found that with grounded electrodes 
the breakdovm voltage was 5 to 70 volts with an average dielectric 
e. 
Strength of 1.2 x 10 volts/cm. For floating electrodes, the breakdown 
voltage was 70 to 100 volts with an average dielectric strength of 
22 
5.26 X 10 volts/cm. In addition, with floating electrodes the resis-
17 
tivities of the Al 0 film were greater than 10 ohm-cm for film 
thickness of 2000 to 8000 A; dielectric strength was found to be thick-
ness dependent, ranging from 8 to 2 x 10 volts/cm for the thickness 
range 900 to 8000 A. In another study of r.f. sputtered thin films of 
Al^O , Pratt found that the yield percentage, or percentage of non-
shorted capacitors, was approximately 97 percent for electrode areas 
2 
of 0.1935 cm and approaching 100 percent for electrode areas of 0.0013 
2 
cm . For Al-Al„0_-Au capacitor devices with r.f. sputtered A1^0„ thin 
films, Mier and Buvinger achieved resistivities between 10 and 10 
ohm-cm. It was found that preheating the substrate prior to film depo-
sition lessened the thermal shock during initial film growth, resulting 
27 
in a better yield of good devices per slide. Salama measured dielec-
f. 
trie strengths between 2 and 8 x 10 volts/cm for Si-Al„0 -Al capacitor 
devices of r.f. sputtered A1„0 films. Dielectric strengths greater 
6 14 
than 6 X 10 volts/cm and resistivities greater than 5 x 10 ohm-cm 
28 
were reported by Tanaka and Iwauchi for Si-Al 0 -Al and Si-Al 0 -Au 
15 
capacitor devices of reactively sputtered A1_0 films, Frieser, in 
studying Si-A1^0_-Au capacitor devices of reactively sputtered Al20^, 
5 5 
found dielectric strengths of 4 x 10 volts/cm, increasing to 8 x 10 
volts/cm on heating. 
29 
Ryabova and Savitskaya obtained thin films of Al^O.-Cr^O 
mixtures by the decomposition of vapors in a current of oxygen of pre-
viously codeposited aluminum and chromium acetylacetonates with varying 
quantities of chromium acetylacetonate as follows: 1, 3, 10, 20, 30 
23 
and 40 percent. Films were obtained with resistivities from 10 to 
12 
10 ohm-cm with decreasing Cr^O- content. The resistivity of pure 
l'\ 
A1„0_ films was 10 ohm-cm. 
Due to its high resistivity, most measurements involving A1_0-
have been carried out at temperatures above 300 C. Results of conduc-
20 
tivity measurements showed the resistivity of bulk A1„0^ to vary from 
1 0 7 
10 to 10 ohm-cm at 300 C. The diff erences have been attributed to 
the purity of the Al 0 , structure (polycrystalline or single crystal), 
atmosphere during the measurements, crystallographic direction, surface 
conduction and the type of metal-insulator contacts. 
Studies of the conductivity of bulk Cr„0_ have been carried out 
at temperatures of 600 C and higher. Crawford and Vest found the 
3 
resistivity of single crystal, unoriented Cr„0^ to vary from 10 to 
10 ' ohm-cm at 700 C in varying 0^ pressures. Stone measured the 
resistivity of Cr^0„ at 600 C as 10 ohm-cm in both oxygen and argon 
atmospheres. 
23 
Hensler and Henry studied the electrical resistance of Al 0„-
Cr^O- mixtures in the temperature range 600 C to 1500 C. In general, 
the resistivity of A1_0 decreased as the Cr„0^ content increased ex-
cept at 1 mole percent Cr 0 and 92 mole percent Cr 0^ where resistiv-
ity maxima were found. Samples containing up to 6 mole percent Cr»0 
had higher resistivities than pure Al 0 . It was postulated that for 
additions of Cr»0_ up to 6 mole percent in A1„0- the more polarizable 
3+ 3+ 
Cr ion substituted for the smaller Al ion and, after assuming a 
polar character, reduced the excess surface charge, thereby reducing 
24 
surface conduction. Further additions of Cr^O past 6 mole percent in 
A1«0„ imparts to the structure more of the electrical properties of 
Cr^Oj. 
24 
A study by Vernetti and Cook on the effect of metal oxide ad-
ditions on the electrical conductivity of alumina produced results sim-
23 
ilar to those of Hensler and Henry. One mole percent additions of 
Cr„0 to a base body composed of 99 wt percent Al^O and 1 wt percent 
MgO resulted in a slight decrease in resistivity over that of the base 
body in the temperature range 600 C to 1000 C and an increase in re-
sistivity above 1000 C. For a base body of 96 wt percent A1„0 , 1 wt 
percent CaO, 1 wt percent MgO and 2 wt percent SiO^, additions of 1 
mole percent Cr^0_ resulted in a reduction of resistivity in the tem-
perature range 500 C to 1400 C. Additions of 4 mole percent Cr<̂ 0 to 
the same base body resulted in a decrease in resistivity of over two 
orders of magnitude up to 1100 C. 
25 
Measurements by Eremenko and Beinish also found the resistiv-
ity of A1_0 -Cr 0 mixtures to decrease from 100 mole percent A1«0 to 
100 mole percent Cr-0 in the temperature range 100 C to 900 C. It 
was concluded that a continuous variation in the composition of the 
solid phase in the Al 0»-Cr_0 system corresponded to a continuous 
variation in the electrical conductivity. 
Physical Properties of Bulk and Thin Film Al^_ Cr 0^ 
9 
Wyckoff states that in oxide systems where small metal ions 
allow cation radius to anion radius ratios of less than 0.60, the oxygen 
atoms can approach nearer to a perfect close-packing. Such an 
25 
arrangement results in metallic sesquioxides with rhombohedral symmetry 
with each unit cell containing two molecules. The space group is 
D_d (R3c) and the atoms are in the following special positions: 
R(metal) - uuu; uuu 
X(Oxygen) - w o ; vov; ow; 1/2 - v, v + 1/2, 1/2; v + 1/2, 
1/2, 1/2 - v; 1/2, 1/2 - v, v + 1/2. 
where u, v = constant parameters which determine atom positions in the 
unit cell. Both a-Al„0^ and Cr„0 are included in this group of sesqui-
oxides. Such an arrangement as described above can best be illustrated 
as a slightly distorted hexagonal close packing of oxygen ions with 
small metal ions lying in some of the interstices. 
In his studies of the Al 0^ and Cr^O structures, Davey de-
scribes each unit prism as containing three molecules, resulting in the 
structure of a diamond except for a stretching of the body-diagonal. 
High axial ratios found in these systems can be explained by assuming 
a hexahedral molecule consisting of an equilateral triangle of oxygen 
with a metal atom Immediately above and below the center of the triangle. 
Alumina, Al 0 , can occur in at least seven forms, with the 
two most common forms being "gamma" alumina (cubic) and "alpha" alu-
mina (hexagonal). Transformation of "gamma" alumina to the more stable 
"alpha" alumina occurs in the temperature range of 750 C to 1200 C. 
Chromia, Cr^O_, occurs only in the hexagonal form. Table 3 lists some 
of the properties of A1^0_ and Cr̂ O,̂ . 
If incorporation of foreign atoms into a host structure leads to 
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12 
form will develop. Solid solutions are stable when the solution 
crystal has a lower free energy than the alternatives—building up two 
crystals of different composition or building up a new structure in 
which foreign atoms are put on ordered sites. Studies have indicated 
that the system a-A1^0_ - Cr^O„ forms a continuous series of solid 
13 solutions. X-ray spectrograms of a-A1^0_ - Cr„0^ demonstrate that 
no compounds are formed, but that complete miscibility occurs in the 
12 
solid state. Solid solution in this system is substitutional, where 
substitution of one ion for another occurs. 
14 
Mier and Buvinger found the composition of r.f. sputtered alu-
mina films to more nearly approximate a-Al 0^ although none of the 
films were exactly a-Al^O . Electron diffraction studies showed the 
films to be a mixture of a and y phases of A1_0-. These films were de-
posited at a maximum temperature of 300 C. Frieser discovered two 
types of reactively sputtered alumina films: (1) a polycrystalline 
y-Al-O film at high deposition rates and substrate temperatures, and 
(2) an amorphous A1_0 film at low deposition rates and substrate tem-
peratures. Temperatures during deposition of the A1„0 films varied 
from 100 C to 600 C. The structure of Al 0 films r.f. sputtered onto 
borax coated glass by Pratt indicated uniform, fine textured amor-
phous films. Electron diffraction and dark field studies did not show 
the presence of any crystalline structure for films deposited at sub-
strate temperatures up to 500 C. Salama found r.f. sputtered Al-0„ 
films to be amorphous when examined by low-angle electron diffraction. 
The densities of either amorphous or gamma alumina thin films 
28 
3 
obtained through reactive sputtering were found to be 1.8 + 0.2 g/cm , 
3 
about one-half that of bulk y-Al 0 , which is 3.43 to 3.67 g/cm . 
Studies of the density of r.f. sputtered A1^0_ films as a function of 
power density showed that low power depositions resulted in lower 
3 
film densities. Density ranged from 3.5 g/cm at a power density of 
2 3 2 
1 W/cm to 3.8 g/cm at a power density of 2.5 W/cm . Thus, a wide 
range of A1_0_ thin film densities have been obtained depending on 
deposition parameters. 
1 f\ 
Pratt found r.f. sputtered A1»0 films to show good affinity 
for aluminum with the deposited film possessing a high degree of smooth-
ness. On evaporated copper and gold, adherence of Al^O varied from 
fair to poor. 
Relatively little information on Cr„0 thin films is available 
35 
in the literature. Barbe and Herman deposited Cr^O- films through 
reactive sputtering of chromium in an argon-oxygen atmosphere. The 





Electrical properties of Al__ Cr 0 thin films were investigated. 
The experimental procedure was divided into three distinct areas: fab-
rication of the sputtering targets, deposition of the thin films, and 
measurement of electrical properties. A separate discussion on each of 
these areas is presented in this Chapter. Other procedures such as the 
determination of the composition of each target and thin film, although 
mentioned briefly here, are discussed more thoroughly in the Appendices. 
Fabrication of the R.F. Sputtering Targets 
Two sets of targets were prepared. The first set consisted of 
nine compositions ranging in composition from 100 mole percent A1»0_ 
to 100 mole percent Cr„0„, Table 4. The A1„0_ was calcined alumina 
XA-15 (high purity) from Alcoa Chemicals and the Cr»0 was Fisher cer-
tified chromium sesquioxide (99.7 percent pure) from Fisher Scientific 
Company. These weighed-out mixtures of oxides were wet-mixed in a 
blender under the conditions listed in Table 5. Drying of the oxide 
mixtures was accomplished in several days, with subsequent screening of 
the mixture (excluding 100 mole percent A1„0 and 100 mole percent 
Cr«0_) through a 60-mesh screen. Air drying of the oxide mixtures was 
necessary since the binder (Polytran FS) used separates from the mix-
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of the samples into disk targets involving mixing the oxide mixture 
with a small percentage of water, screening through a 20-mesh screen, 
and pressing in a Denison hydraulic press to 3--1/2 inch diameter at 
pressures of 6000-8000 psi. After a 16-hour drying period, the disks 
were fired in a Harrop globar furnace over a two-day span, with the 
maximum temperature reaching 1480 C. Upon cooling, the disks were 
transferred to a gas-air kiln, fired slowly up to a maximum temperature 
of 1705 C where they were held for several hours. The globar furnace 
was used initially because its firing schedule can be precisely con-
trolled, resulting in more uniform firing of the samples. 
The second set of targets consisted of 4, 8, 16 and 20 mole per-
cent Cr^O- in A1„0„,, Table 6. These oxide mixtures were wet-mixed in 
a blender for 3-minute intervals with 300 ml additions of water and no 
binder, and dried in a gas dryer for 16 hours. After screening through 
a 60-mesh screen to obtain a powder, disks were prepared by mixing the 
powder with small percentages of water, passing through a 35-mesh 
screen, and uniaxially pressing in a small hydraulic hand press to 
2-1/4 inch diameter disks at 10,000 psi. Firing of the disks was ac-
complished using a gas-air furnace at a maximum temperature of 1705 C. 
Thin Film Preparation 
Capacitive devices were produced with Al„ Cr 0- insulating films 
sandwiched between aluminum electrodes. A schematic of capacitive 
device fabrication is shown in Figure 2. First, a glass substrate was 
coated with aluminum, the dielectric film was sputtered leaving an ex-
2 
posed aluminum edge for electrical contact, and then 0.079 cm aluminum 
33 
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(a). Bottom Electrode Deposition. 
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Al^ Cr 0 - F i lm 
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A. 
(b). Sputtered Film Deposition. 
Al Film 
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(c). Top Electrode Deposition. 
Figure 2. Schematic of Capacitive Device Fabrication. 
35 
electrodes were deposited over the dielectric. 
Thin film preparation was divided into three areas: 
1. Substrate cleaning, 
2. Electrode deposition, and 
3. Thin film sputtering. 
Substrate Cleaning 
Soda-lime glass microscope slides, 1 inch by 3 inches, were 
selected as the substrates. The following method was used to clean 
every substrate: 
1. Ultrasonic cleaning of the slides in a borax soap solu-
tion for 15 minutes. 
2. Repeated rinses in distilled water. 
3. Ultrasonic cleaning in aqua regia (1 part concentrated 
HNO^, 3 parts concentrated HCl, 4 parts water) for 15 minutes. 
3 
4. Repeated rinses in distilled water. 
5. A rinse in acetone, followed by a rinse in methanol. 
After cleaning, the substrates were stored in a covered container to 
minimize dust contamination. 
Electrode Deposition 
Aluminum (99.999 percent pure) was used as the electrode ma-
terial because thin films of Al 0 adhere well to it, it is easily 
vacuum evaporated, and it adheres well to the substrate. The aluminum 
electrodes were evaporated at pressures lower than 10 torr to thick-
nesses between 800 A and 1200 A as monitored with a piezoelectric 
microbalance. The bottom electrode was deposited on the substrate over 
2 
an area approximately 17.00 cm while the ten top electrodes, 0.3175 cm 
36 
In diameter, were applied through a metal mask. Typical aluminum elec-
trode depositions lasted for about five minutes. 
Sputtering of Al^ Cr 0^ Thin Films 
2-x X 3  
All dielectric films were deposited using a R. D. Mathis SP310 
r.f. sputtering system operating at 13.56 MHz. During the sputtering 
process, the following parameters were recorded at selected time inter-
vals—p.a. grid, plate current, pressure, reflected power, r.f. voltage, 
dc voltage, and temperature. Temperature readings approximating that 
of the substrate were made possible using a type S thermocouple posi-
tioned at the bottom electrode in the work chamber of the sputtering 
unit. 
The sputtering targets were attached to the top electrode using 
Torr Seal, a low pressure resin. The work chamber was always evacuated 
to a pressure of 2 x 10 torr or lower before gas was admitted. Gas 
used to sustain the glow discharge in all cases was high purity, 9.89 
percent oxygen in argon. Pressure in the work chamber was maintained 
-3 
at 5.5 - 6.5 x 10 torr after initiation of the glow discharge by use 
of a leak valve and the position of the gate valve to the diffusion 
pump. Initiation of the glow discharge was accomplished by increasing 
the p.a. grid to between 80 and 100 ma, adjusting the r.f. voltage to 
between 3 and 4 kv, and then, after switching to the dc voltage reading, 
increasing the pressure in the work chamber until the glow discharge 
started. After initiation of the glow discharge, the reflected power 
was adjusted to its minimum value to ensure the most efficient sputter-
ing from the target. A shutter, separating the glow discharge from the 
37 
substrate, was kept closed for five minutes after the start of the glow 
discharge to clean the target surface. All dielectric deposition times 
were for 60 minutes, except in two cases where 90-mlnute deposition 
times were used. A typical set of data collected for a deposition is 
Illustrated in Table 7. During each deposition, adjustments in the 
settings had to be made continuously to minimize parameter variations. 
Electrical Measurements 
Resistances in ohms for the thin films were obtained directly 
using a Keithley 610C solid state electrometer. Contact was made by 
the use of small wires which had been silver pasted to the bottom and 
top electrodes of each capacltlve device. A time Interval of 5 to 10 
minutes was usually needed for the resistance measurement to stabilize. 
From the resistance of the thin film, resistivity could be calculated 
using Equation 1. 
Breakdown voltages for each film were obtained using the circuit 
shown in Figure 3. A Keithley 610C solid state electrometer was used 
to monitor current and a Hewlett-Packard 419A dc null voltmeter was 
used to monitor voltage. The voltage was supplied by an Electronic Re-
search Associates, Inc. tubeless power supply model llODMC. Contacts 
were made in the same manner as in resistance measurements. As the 
voltage across the film was increased slowly, two voltage values were 
recorded—the voltage at which the first sign of film breakdown was 
detected and the voltage at which massive film breakdown occurred 
(defined in this case to be when the surrounding film not covered by 
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Figure 3. Circuit Used to Obtain Breakdown Voltages. 
40 
were used as boundary values and that breakdown of the film occurred 
continuously within these limits. Dielectric strength could be obtained 
from the breakdown voltages using Equation 2. 
Current-voltage measurements were made using a Keithley 610C 
solid state electrometer to monitor current and a Hewlett-Packard model 
721A power supply. The power supply was equipped with two scales—0 to 
10 volts and 0 to 30 volts—and since voltages of greater than 6 to 8 
volts were capable of causing film breakdown, a 10:1 voltage divider 
was incorporated into the circuit. Figure 4, to control voltage between 
0 and 3 volts with greater accuracy. At low voltages, the current was 
typically in the range 10 to 10 amperes. At low currents, the 
measurements were unstable and had to be taken inside an aluminum box 
to shield the sample from stray electrical signals. Measurements were 
also made with and without a grounded shield around the top electrode, 
with no differences in the measurements being detected. The grounded 
shield. Figure 5, was used as a deterrent to leakage currents reaching 
the top electrode from the bottom electrode. In many cases, 5 to 10 
minutes were needed for the current measurements to stabilize suffi-
ciently to be recorded, especially in the low current ranges. 
Physical and Chemical Property Determination 
To determine if the fired targets had assumed a complete solid 
solution. X-ray diffraction patterns were obtained from powder samples 
of each fired target composition (see Appendix A). The actual compo-
sition of each target after firing was determined using X-ray fluor-
escence techniques (see Appendix A). Densities of the targets were 
41 
Electrometer 
Figure A. Circuit Used in Current-Voltage Measurements, 
P. 
To Electrometer 
Al Film (Bottom Electrode) 
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Figure 5. Configuration Used in Shielding Top Electrode 
from Leakage Currents. 
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34 
estimated from the data obtained by Thilo et al. in their studies 
of the Al»0^-Cr^O system, Figure 6. 
Physical and chemical properties of the thin Al_ Cr 0 films 
were not as easily obtained. Since more sophisticated methods and 
techniques of exact determination were not available, the composition 
of each film was assumed to be that of the target. Relative chromium 
contents of the films were measured using a scanning electron micro-
scope equipped with a nondispersive X-ray energy analyzer. Nondisper-
sive X-ray traces were generated by 20 kev electrons and the resulting 
X-rays were collected for time intervals of 400 seconds. The area 
under the chromium peak in each case was divided by the thickness of 
the film to normalize the chromium intensities because the film thick-
ness was small compared to the penetration depth. 
As was the case with composition, the density of each Al- Cr 0 
." ^ . «d X X ^ 
film was assumed to be the same as that of the target, although the 
actual density of the film could be much lower. Film thickness was de-
termined through weight changes in the substrate before and after depo-
sition, knowing that the volume of the film times its density equals 
its weight change. Although this method of film thickness determination 
is the least accurate, it has the advantage in that average film thick-
ness over the entire deposition area is provided. Electron diffraction 
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CHAPTER IV 
RESULTS AND DISCUSSION 
The first section of this Chapter discusses the results of the 
physical and chemical studies on the sputtering targets and the 
Al- Cr 0. thin films. The subsequent sections focus on the results 
2-x X 3 
of the electrical measurements. Separate discussions are presented 
on current-voltage measurements and possible conduction mechanisms, 
resistivity measurements, and dielectric strength measurements. 
Target and Film Properties 
Examination of the first set of targets showed all those com-
positions above 25 mole percent Cr^O- to be poorly sintered; subse-
quent sputtering trials with several of the targets from this set— 
25.0, 37.5 and 75.0 mole percent Cr»0„—resulted in cracking of the 
targets due to thermal gradients established in the target during the 
sputtering process. Two targets from this set, 100 mole percent Al-0_ 
and 12.5 mole percent Cr„0^, performed successfully and were utilized 
in the deposition work. All of the targets in the second set were well 
sintered and did not crack. Hence, all of the targets from Set II were 
used in the investigation. The dimensions of the six targets used, 
along with their fired composition as determined from X-ray fluores-
cence (see Appendix A) are listed in Table 8. Color of the targets 
varied from light pink at 4.1 mole percent Cr^O to grayish pink at 
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Physical appearance of the sputtered films for the most part 
was the same. All of the films were transparent, varying in color from 
light pink and yellow on the same sample to blue, purple, red, and 
yellow on a single sample; the majority of the samples exhibited a 
color of light pink or red to yellow. The lighter pink film color was 
typical of the target colors for the lower mole percent Cr^O composi-
tions. On several samples, the Al film after sputtering possessed a 
yellowish-gold tint. This was attributed to trapped impurities or dif-
fusion pump oil in the Al film during the evaporation process which re-
acted with the oxygen in the sputtering gas during the film deposition. 
An examination of the Al^_ Cr 0- films under transmitted light 
in the microscope indicated many small inhomogeneities existing in the 
Al film (bottom electrode) since light was transmitted through them (a 
slide coated with Al only showed no transmitted light.) These inhomo-
geneities increased in size with increasing temperature as indicated 
by various portions of the Al film. Figure 7. Temperature gradients 
at the substrate surface were due to proximity to the glow discharge. 
Region T̂  (Figure 7) was protected by a metal mask and temperature in-
creased with distance away from the mask. The inhomogeneities are 
larger in the sputtered portion, which was subjected to higher temper-
atures. In some samples, those portions of the Al film reaching the 
highest temperatures (almost directly under the center of the sputter-
ing target) showed dendritic growth. In these areas, the Al film seemed 
to be almost completely destroyed. Maximum temperatures reached in any 
of the film depositions were approximately 450 C. Apparently, these 
47 
(a) Physical Setup (T-̂  < T2 < T3) 
(b) Region T-̂  (c) Region T2 (near T;L). 
(d) Region T2 (near T3). 
(e) Region T Showing Dendritic Growth. 
Figure 7. Varying of Al Film Oxidation with Temperature. Transmitted 
Light, X750. 
48 
Inhomogeneities are the initiation of dendritic growth, caused by the 
Al film reacting with the oxygen in the sputtering gas to form Al.O . 
Electron diffraction patterns were obtained for all but the 100 
mole percent Al 0 film. Figure 8. The films were all polycrystalline, 
although the degree of crystallinity varied. Diffraction patterns of 
the 7.8, 11.8 and 19.0 mole percent Cr^O- films were fairly sharp, in-
2. J 
dicating better crystallinity and larger crystallite size than in the 
4.1 and 14.6 mole percent Cr„0 films, which had very fuzzy diffraction 
patterns. The crystal structure for the 7.8, 11.8 and 19.0 mole per-
cent Cr-0_ films was the same as y-Al^O , but the accuracy of the lat-
tice parameter measurements was insufficient to provide composition 
information. The diffuse nature of the 4.1 and 14.6 mole percent 
Cr„0^ patterns indicated that these films lacked long-range order but 
possessed some short-range order. 
The compositions of the sputtered films were assumed to be that 
of the targets. Nondispersive X-ray traces of the films showed the 
chromium peak in increasing mole percent Cr_0 films to be increasing 
in height and area, Figure 9, thus indicating increasing chromium con-
tent in the films. Dividing the area under each peak by the film 
thickness (to normalize reulsts) and plotting versus mole percent Cr^O 
showed this increase to be essentially linear. Figure 10, indicating 
that the thin film chromium content was in the ratio of the target 
chromium contents. 
Physical characteristics of the sputtered films along with depo-
sition rates during sputtering are listed in Table 9. The density of 
49 
ffe-
(a). 4.1 Mole Percent Cr203. (b). 7.8 Mole Percent Cr^O , 
(c). 11.8 Mole Percent Cr202. (d). 14.6 Mole Percent Cr203, 
• i isi*-%Kyi^^^s£. •'':] 
im&s^^^. 
(e). 19.0 Mole Percent Cr20^. 
Figure 8. Electron Diffraction Patterns for the Al^ Cr 0. Films, 
2-x X -3 
50 
Cr Ka 
0 mole % Cr^O^ 
2 3 
6 mole % Cr 0 
8 mole % Cr20 
8 mole % Cr 0„ 
4.1 mole % Cr 0 
Figure 9. Nondispersive X-ray Traces of Al Cr 0 Thin Films 



























Mole % Cr 0 
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Figure 10. Normalized Cr Ka Peak Area As a Function of Mole 
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the film was assumed to be that of the target, although studies have 
15 
shown that the density can be as much as 50 percent lower. The 
method used to calculate thickness resulted in an average minimum film 
thickness since theoretical density based on the hexagonal solid solu-
tion structure was used. It is highly probable that film thickness is 
not uniform throughout the film. Deposition rates varied as was ex-
pected since target dimensions as well as the recorded parameters dur-
ing film deposition varied, although every effort was made to keep the 
parameters within reasonable limits for successive depositions. 
Current-Voltage Relationships 
Conduction mechanisms were studied for the 4.1, 7.8, 14.6 and 
19.0 mole percent Cr_0- films. Current measurements were recorded from 
0.3 volt to 3.0 volts in increments of 0.3 volt. Conversion to current 
densities and the square root of the applied electric field, /E, (see 
Appendix D) were used to normalize results. The average results for 
each composition are listed in Table 10, and plotted in Figures 11 - 14. 
Clearly visible slope changes in the 4.1 and 19.0 mole percent Cr„0» 
curves indicate that more than one conduction mechanism was present in 
those films. No such slope changes were evident in the 7.8 and 14.6 
mole percent Cr 0 films. However, if the actual film thickness varied 
considerably from the calculated thickness, then the curves could be 
shifted into an electric field range in which only one conduction mech-
anism exists since the current would pass more easily through the 
thinnest portion of the film. 
oo 
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4.0 
Figure 11. Current Density As a Function of the Square Root of 
the Applied Electric Field for 4.1 Mole Percent 





10 rlO ^ 
1.0 2.0 , ,3,-0 
/E' X 10 (V/cm)!'^ 
4.0 
Figure 12. Current Density As a Function of the Square Root of 
the Applied Electric Field for 7.8 Mole Percent 







/E X 10"^ (V/cm)^^^ 
3.0 4.0 
Figure 13. Current Density As a Function of the Square Root of 
the Applied Electric Field for 14.6 Mole Percent 






1.0 2.0 3.0 
^ X 10"^ Cf/cm)^^^ 
4.0 
Figure 14. Current Density As a Function of the Square Root of 
the Applied Electric Field for 19,0 Mole Percent 
Cr20 in Al^O . 
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had results similar to those observed for the 4.1 mole percent Cr-0_ 
film. At low field gradients below the change in slope, he determined 
that conduction exhibiting ohmic characteristics was the main mode of 
conduction and above this change the Poole-Frenkel conduction mechanism 
predominated. In those results, however, no relaxation in slope of 
the curve was present as in the 4.1 mole percent Cr»0 sample at the 
higher electric fields. The lower portion of the 4.1 mole percent CroOo 
curve does approximate ohmic conduction since voltage varies directly 
with current (R = constant). The portion above the break appeared to 
vary exponentially v̂;̂ t̂h characteristic of the Poole—Frenkel type 
conduction. Further studies on temperature dependence need to be in-
vestigated to verify this since the current density varies exponen-
tially with a term involving temperature. No explanation could be 
offered for the relaxation in slope of the upper portion of the curve, 
Salama also found the ohmic - Poole-Frenkel transition to occur at 
higher electric fields than in the 4.1 mole percent Cr^O^ case. The 
Cr«0^ content may shift this transition to lower applied fields. 
35 r~ 
Barbe and Herman studied J versus /V (square root of the 
applied voltage) in reactively sputtered Cr_0„ thin films, and attained 
curves similar to the curve for the 19.0 mole percent Cr 0_ film, Figure 
14. Their change in slope occurred at approximately 2.0 x 10 volts/cm, 
whereas on the 19.0 mole percent Cr^O. curve it occurred at approxi-
4 
mately 9.0 x 10 volts/cm. In the upper voltage range, Barbe and Herman 
found Poole-Frenkel conduction which was verified by temperature de-
pendence studies and at the lower voltage range thermally activated 
61 
hopping of carriers between localized states (ohmic conduction) was 
verified by frequency dependence studies. Consequently, although two 
types of conduction mechanism definitely appear to exist in the 19.0 
mole percent Cr_0 film, frequency and temperature dependence studies 
are needed to positively identify them as the conduction mechanisms 
32 
which Barbe and Herman found to exist. Since Salama and Barbe and 
35 Herman had reported the same conduction mechanisms for Al^O^ and 
Cr„0 , respectively, it was not surprising to find evidence for these 
same mechanisms in the Al- Cr 0- films. 
2-x X 3 
Only one type of conduction mechanism appeared to exist in the 
7.8 and 14.6 mole percent Cr„0„ films. The slopes in these two curves 
were almost identical to that of the upper slope in the 19.0 mole per-
cent Cr„0„ curve. Thus, the same type of conduction mechanism should 
exist in these films as in the region with the same slope in the 19.0 
mole percent Cr_0 curve, most likely Poole-Frenkel type conduction. 
The appearance of only one type of conduction mechanism could possibly 
be due to a thickness variation in the film shifting the field gradient 
to higher ranges. 
Space-charge-limited conduction did not exist in any of the 
31 
films studied. According to Emtage and Tantraporn, I is proportional 
2 2 
to V in SCL conduction and I versus V calculations for the films 
showed this not to exist. Tunneling as one of the conduction mechanisms 
cannot exist because the films are too thick; tunneling can only occur 
in films less than or equal to 50 A in thickness. Schottky emission is 
similar to Poole-Frenkel type conduction and it is a possible conduction 
62 
mechanism in the films. As In Poole-Frenkel type conduction, Schottky 
emission is temperature dependent and such studies need to be made to 
determine if Schottky emission is one of the conduction mechanisms. 
Resistivity 
Resistivities of all the sputtered films (see Appendix B) were 
calculated using a resistance obtained by a constant current method; 
in such a method, voltage across the sample could not be arbitrarily 
set, but it was limited to a range of 0 to 1 volt. Since theoretical 
density was used as the density of the films, the thickness calculated 
is the minimum thickness that could exist in the film if the film is 
uniform. Thus, all resistivities calculated are close to the maximum 
resistivities associated with the sputtered film, with error introduced 
because of the almost certain nonuniformity of thickness associated 
with each film. 
Resistivity ranges as well as average values are plotted in 
Figure 15 for the various mole percent Cr„0- samples. A range of 
several orders of magnitude was expected and would be in the range of 
experimental error. Normal variations in the thicknesses of the films 
would be enough to explain the resistivity ranges observed in the 0 and 
4.1 mole percent Cr„0 samples. Statistical bar graphs were prepared 
for each of the remaining compositions in an effort to explain the 
large resistivity ranges. Figure 16. These graphs indicated that in 
the 7.8, 14.6 and 19.0 mole percent Cr 0 samples very few resistivities 
13 are below 10 ohm-cm. The graph for 11.8 mole percent Cr„0^ indicates 














t(100 mole % \ 
''AI2O thin 









































\ - A-> 
(100 mole % 
Cr20- thin 
\ f i l m , ref. 35) 
(Bulk Al„ Cr 0_ \ 2-x X 3 
extrapolated to \ 
room temperature, 
ref . 23) 
10 12 14 16 18 20 
Mole % Cr^O^ 
Figure 15. R e s i s t i v i t y Ranges with Average R e s i s t i v i t y Values 
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Figure 16. Statistical Bar Graph Showing Resistivity Spread. 
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12 15 
resistivities in the 10 to 10 ohm-cm range. A study of yield per-
cent of good capacitive devices per composition was as follows: 0 mole 
percent Cr-0„—85 percent; 4.1 mole percent Cr_0—87 percent; 7.8 mole 
percent Cr„0_—63 percent; 11.8 mole percent Cr 0—58 percent; 14.6 
mole percent Cr^O„—85 percent; and 19.0 mole percent Cr„0—87 per-
cent. A large number of defects such as pinholes or breaks in the 7.9 
and 11.8 mole percent Cr-0„ samples caused shorting. Pinholes or 
breaks which did not propagate through the entire thickness of the film 
could have caused thin spots in the films, resulting in resistivity 
measurements which were too low. Thus, thickness differences caused 
by defects could result in a wide range of resistivity values. 
Oxidation of the aluminum bottom electrode did not measurably 
affect resistance measurements. It would be expected to affect resis-
tivity measurements because resistivity varies directly with electrode 
area. Any oxidation of the Al film lowers the electrode area capable 
of conducting current, with a subsequent lowering of calculated resis-
tivities. This varying electrode area was small and subsequent error 
in the resistivity of the film would be small. 
The current density-applied electric field relationships showed 
the resistance to change with voltage except in the ohmic region of the 
4.1 mole percent Cr 0_ film. The applied voltage can and does vary in 
a constant current method of measuring resistance. To establish the 
significance of this voltage change on resistivity, resistivity as a 
function of Cr„0„ content at selected voltages has been plotted in 
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Figure 17. Resistivity As a Function of Mole Percent Cr 0 with 
Applied Voltage As a Parameter. 
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each composition varied slightly over two orders of magnitude. In the 
constant current method, the voltage was limited to a range of 0 to 
1 volt, resulting in approximately a one order of magnitude change in 
average resistivities. Thus, low resistivity measurement are attributed 
to defects in the films. 
A study of the average resistivities. Figure 15, for each film 
indicates that only an order of magnitude exists between the resistivi-
23-25 
ties of any two compositions. Published works on resistivities of 
bulk Al 0 -Cr„0 samples at elevated temperatures (400 C - 1500 C) have 
all shown a three order of magnitude difference for samples containing 
23 
0 to 20 mole percent Cr.O^. Extrapolation of Hensler and Henry's data 
from 600 C to room temperature shows an eight order of magnitude dif-
ference between 0 to 20 mole percent Cr^O in Al-0„, Figure 15. Eremenko 
2S o 
and Beinish's data " extrapolated from 300-400 C to room temperature is 
also plotted in Figure 15. The resistivity at room temperature for 100 
32 15 
mole percent Al^O- from Salama's data is approximately 5.5 x 10 
ohm-cm and the resistivity at room temperature from Barbe and Herman's 
35 9 
data for 100 mole percent Cr„0^ is approximately 6.5 x 10 ohm-cm, a 
difference of six orders of magnitude between thin films of the pure 
oxides. If extrapolation of resistivities by the Arrhenius equation 
from elevated temperatures to room temperature is valid, resistivities 
of thin Al- Cr 0- films appear to differ substantially from those of 
2-x X 3 
the bulk oxide mixtures. Although nondispersive X-ray traces showed 
the Cr content in the films to increase with increasing Cr^O content, 
this is only a relative measure and the actual composition of the sput-
tered film could be substantially different from those of the targets. 
68 
i.e., preferential sputtering of Al 0 over Cr 0 could have occurred. 
The actual Cr 0^ content would then be small enough so as to not affect 
resistivity measurements to any great extent, explaining the reason why 
the average resistivities were all within an order of magnitude of one 
another. Another possibility is that Cr 0 contents of up to 19.0 mole 
percent in Al 0 have no effect on the room temperature resisitivity of 
the sputtered films. 
Dielectric Strength 
Dielectric strengths for the different mole percent Cr^O^ compo-
sitions (see Appendix C) indicated that the Cr^O- additions had vir-
tually no effect on the dielectric strength of the A1_0_ films. The 
dielectric strength of the pure A1_0 films agreed well with previous 
published data (see Survey of the Literature). Average values for the 
dielectric strength calculated at first sign of breakdown, E ^ , and at 
min* 
massive film breakdown, E , are plotted in Figure 18. Either the 
max 
Cr_0 content is much less in the films than the targets or Cr_0 con-
tent up to 19.0 mole percent does not affect dielectric strength sig-
nificantly. 
Two types of dielectric breakdown in insulators under an applied 
12 
electric field can occur: electronic and thermal. Electronic occurs 
when a localized voltage gradient reaches some value corresponding to 
intrinsic electrical breakdown. Thermal breakdown occurs when local 
overheating causes the local conductivity to increase to a point where 
instability occurs and permits a rush of current, melting, and puncture. 











Figure 18. Average Dielectric Strength As a Function of Mole 
Percent Cr 0 . 
70 
dielectric failure in the films since film heating was detected. In 
the 7.8 and 14.6 mole percent composition films, what appeared to be 
melting or vaporization of the underlying Al film could be seen ex-
tending radially outward from the contact area; heating was not quite 
as noticeable as this in the other compositions. Breakdown was de-
tected visibly by small arcs and propagation of break channels in the 
film. Massive breakdown was visible as film breakdown extending out 
away from the top electrode area after a violent arc. Such breakdown 
is illustrated in Figure 19. 
The mode of breakdown was slightly different in the 7.8 and 
14.6 mole percent Cr-0_ composition films. Closely following what 
appeared to be melting or vaporization of the underlying Al film, a 
sudden burst of many tiny arcs was visible, indicating dielectric 
failure. Further increase of applied voltage created intermittent 
arcs becoming larger and larger until the film surrounding the elec-
trode was destroyed. In the other compositions, the first sign of 
breakdown occurred as one or several small arcs, with a fissure-like 
break in the film under the electrode. Increasing the applied volt-
age further yielded the same results as in the 7.8 and 14.6 mole per-
cent Cr^O samples. No explanation for this difference in the initial 
film breakdown mode could be offered, unless the 7.8 and 14.6 mole 
percent Cr^O are more homogeneous with fewer defects. 
A small percentage of the samples (2 to 3 percent) exhibited no 
dielectric failure at the low voltage ranges. The initial dielectric 
failure at low voltages is further evidence of defects in the films and 
71 
Figure 19. Film Breakdown in Sputtered Film. Transmitted Light, X200. 
72 
thus supports the postulation that the large resistivity ranges in 





1. The average resistivities (= 5 x 10 ohm-cm) of the thin 
Al- Cr 0 films sputtered from solid solution targets ranging in com-
position from 0 to 19.0 mole percent Cr„0_ varied approximately one 
order of magnitude and experimental scatter prevented composition de-
pendence determination. 
2. The average dielectric strengths of the thin Al„ Cr 0„ 
2-x X 3 
films sputtered from targets ranging in composition from 0 to 19.0 
mole percent Cr„0 varied approximately one order of magnitude and were 
not composition dependent. 
3. Two types of conduction were identified in the Al- Cr 0„ 
2-x X 3 
films: 
a. At low applied fields, films of 4.1 and 19.0 mole 
percent Cr„0 exhibited ohmic conduction but no evidence of ohmic con-
duction was found in the 7.8 and 14.6 mole percent Cr^0„ films. 
b. At high applied fields, all compositions exhibited con-
duction that varied exponentially with the square root of the applied 
electric field. 
4. Thin films sputtered from Al Cr 0_ targets containing up 
to 19.0 mole percent Cr^0„, at temperatures of 350-450 C and deposition 




Increasing mole percent additions of Cr_0 to A1_0 were ex-
pected to lower the resisitivity of the r.f. sputtered thin films. 
The resistivities of the Al^_ Cr 0 films containing up to 19.0 mole 
percent Cr„0- varied approximately one order of magnitude. Further 
studies should concentrate on resistivity measurements of the 
Al_ Cr 0 thin films to determine if increasing mole percent addi-
"̂̂ X X O 
tions of Cr«0_ does affect the resistivity of the films. Higher mole 
percent Cr„0 sputtering targets should also be fabricated to investi-
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CRYSTAL STRUCTURE AND COMPOSITION MEASUREMENT 
Solid Solution Determination 
As mentioned previously, powder X-ray diffraction was used as 
the method to determine whether the fired sputter targets had assumed 
a complete solid solution. Since a-Al„0„ and Cr„0_ belong to the same 
z J 2 J 
crystallographic class, the same reflections for each compound on an 
X-ray diffraction pattern will be close together, separated only by 
several degrees due to different lattice spacings existing in each 
compound. This separation is more than adequate to cause separate and 
distinct peaks to be present on the diffraction pattern of an unfired 
mixture of the two oxides, as is the case for the unfired 20 mole per-
cent Cr»0- in A1_0 sample. Figure 20. In a solid solution of the two 
oxides, no such separation of peaks should be evident, shown clearly 
by the reflections for the fired 20 mole percent Cr 0- in Al 0- sample 
superimposed over the same reflections for the unfired samples. Figure 
20. Since all of the fired compositions indicated no separation of 
peaks in their respective X-ray patterns, it was concluded that all of 
the fired samples existed in complete solid solution. 
Target Composition Determination 
X-ray fluorescence was used as the method to determine fired 
target compositions,. Powdered samples of both the unfired (standards), 













hydraulic hand press to pellets 1-1/4 inch in diameter at a pressure 
of approximately 8000 psi. The goniometer on the X-ray fluorescent 
unit was set at an angle, 20 = 69.33 , such that the scintillation 
counter could pick up counts from the characteristic chromium peak 
for Cu Ka radiation. After the samples had been placed under vacuum 
(< 200 y), the surface of each sample was bombarded with high inten-
sity X-rays with the subsequent X-ray counts received being recorded 
for 100 second time intervals. Table 11. Graphing the results for the 
standards. Figure 21, enabled the unknown compositions to be obtained 
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rH CJN vO 00 
CN rH rH rH 
PQ 
CTi CN vO vD 
CN CM in CO 
m rH CT\ in 
00 r^ VO r^ 
r-«, r-~. r^ r-
r^ r^ r^ 1^ 
C7̂  CO in v£) 
00 00 CT\ in 
O CM CO CM 
00 r^ SO r>-
rH rH rH rH 


























































The following table lists the resistivity values for the sput-
tered films calculated using the formula 
RA 
where 
p = resistivity in ohm-centimeters, 
R = resistance in ohms, 
A = area in square centimeters, and 
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Dielectric strengths, calculated using the formula 
where 
E = dielectric strength in volts/cm, 
V = breakdown voltage in volts, and 
B 
d = sputtered film thickness in cm, 
are listed in Table 13. The dielectric strength at first sign of film 
breakdown is listed as E , and the dielectric strength at massive film 
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Current-voltage relationships were studied in terms of the square 
root of the applied field versus the current density. The applied field 
was obtained using the equation 
E = ^ 
^ d 
where 
E = applied field in volts/cm, 
V = applied voltage in volts, and 
d = thickness of the sputtered film in cm. 
Current densities were obtained using the equation 
^ = I 
where 
J = current density in amperes/cm , 
I = current in amperes, and 
2 
A = area of the electrode in cm , 
i 
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LATTICE PARAMETER DETERMINATION 
To determine lattice parameters from electron diffraction pat-
terns, a scope constant was calculated based on a MgO standard and the 
equation 
K = Rd (8) 
where 
K = scope constant, 
R = radius of hk£ reflection, and 
d = d-spacing of hk£ reflection. 
After solving for K, d-spacings of the thin film compositions were 
calculated. Calculated d-spacings for the 7.8, 11.8 and 19.0 mole per-
cent Cr-0 films matched closely with those of y-Al^O . Since y-Al^O 
is in the cubic system, only one lattice parameter exists since a = b = c 
and it can be calculated using 
^ = d^(h^ + k^ + il^ (9) 
where 
a = lattice parameter, 
d = d-spacing, and 
h, k, £ = Miller indices of a specific reflection. 
Calculated lattice parameters for the 7.8, 11.8 and 19.0 mole percent 
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